The Alamouti space-time code for transmission diversity is extended recursively to 2n x 2n antenna elements as well as t o unsymmetrical arrays of the size m x n.
INTRODUCTION
introduced a very simple scheme allowing to transmit at two antennas with the same datarate as on a single antenna but increasing the diversity at the receiver from one to two in a flat-fading channel. While the scheme works for BPSK even with four and eight antennas, it was proven for QPSK that only the two antenna scheme offers the full diversity gain [6, 2] . In this contribution, the Alamouti space-time code for transmission diversity is extended recursively to M = 2m antenna elements at the transmitter applying QPSK, the receiver need only use a single antenna, but may use more. While it is true that the resulting transmission matrix for flat-fading looses its orthogonality for m 2 2, it is shown that the loss in orthogonality is not severe. Starting with a four antenna scheme in Section it will be demonstrated that linear receivers perform close to the theoretical bound for four-path diversity offering significant gain over the two-antenna case proposed by Alamouti. Even more interestingly, linear interference suppression can be implemented with low complexity because the channel matrix exhibits a high degree of structure enabling a factorization in closed-form. Transmission schemes with more than one receive antenna will be considered and it will be shown that even in cases with N # 2n receive antennas, preservation of orthogonality is possible. Variable bit-rate services and bursty packet arrivals are handled flexibly in UMTS by dynamically changing the spreading factor in conjunction with the transmit power, thus preserving an average EblN,, but without changing the diversity order and outage probability. In UMTS, QPSK is utilized on CDMA preventing perfectly orthogonal schemes with code-rate 1. An orthogonal scheme exists for complex-valued modulation with code-rate $ and it is known that a higher code-rate cannot be achieved without sacrificing orthogonality [3] .
FOUR ANTENNA SCHEME In the following, a four times diversity scheme for UMTS is proposed1. It comes with a small caveat which will be explained in the following. 
9) of the arrow "-+" are replaced by the 2 x 2 matrices where I4 is the 4 x 4 identity matrix. We set v = 0 for ZF and v = g," for MMSE. It turns out that both detection principles have essentially the same receiver complexity. Lemma 1 Given the 4 x 4 Alamouti scheme as described in (3), the eigenvalues X i of G in Eq. (6) and then re-inserted into the Alamouti Space-Time channe1 matrix
Proof The Grammian G is diagonalized by VGVT with the orthogonal matrix where * denotes complex conjugation without transposition. This scheme is implementable via the following symbol block S for transmitting the four symbols s = [SI,. . . , s4IT: 
in which the pair {SI, s4) is decoupled from {sz, sg} allowing for a low complexity solution based on the newly formed received vector z.
needs to be evaluated which is obtained via
When replacing the arguments of the complementary error function with (13), two interpretations can be discussed. In h2 the required form for four times diversity is recognized together with an additional term starting with l / ( y 2 -X2).
This term can be interpreted as an increase in noise. Alternatively, one can interpret the whole expression as defining the true diversity order without noise increase. Both interpretations can be used to describe the scheme's performance. The first interpretation is favoured in this deliverable and leads to the following result.
Lemma 3 Given the 4 x 4 Alamouti scheme as described in ( 3 ) , a four times diversity is obtained at the expense of a noise enhancement of
where Ei(n, x) denotes the exponential integral defined
Proof In the case of i.i.d. complex-valued Gaussian distributed variables h,, the noise enhancement can be evaluated in closed form. As shown in the Appendix, the noise is increased by (15). In case of a ZF receiver, the value is 3/2 which corresponds to 1.76 dB, a value for which the four times diversity scheme gives much better results as long as &/No is larger than about 3 dB. 0
A CO --I t Therefore, the noise enhancement is maximum for v = 0 and does not exceed 1.76dB. Further ahead noise enhancement will be discussed in a more general form. The behavior of (15) 
Maximum-Likelihood Receiver
The Maximum-Likelihood (ML) receiver selects the B which minimizes hl(s) = IIy-Hsl12 = sHGs-2Re(yHHs)+ lly112 (16) for all permissible symbol vectors s from the transmitter alphabet. We have assumed spatially white interference plus noise. In the following we specialize to QPSK which is relevant for UMTS. The transmitter alphabet of the Four Antenna Scheme using QPSK consists of 44 = 256 symbol vectors s. Alternatively, we can apply the matched filter HH to y and implement the ML estimator on its output z given in Eq.(8). However, we need to take into account that the additive noise plus interference is spatially correlated after filtering: Assuming v to be zero-mean and spatially white with 4 x 4 covariance matrix a214, gives a w = HHv with covariance matrix a 2 G . The advantage of this approach is that this partly decouples the symbols. The pair {SI, s4) is decoupled from {sz, s 3 } allowing for an ML receiver which needs to search over 42 = 16 vector symbols only twice,
The metric A2 can be re-written as the sum of two independent terms h 2 , + h 2 b which depend on mutually exclusive sets of variables each. The results for the BER of the ML receiver are given in Figure 3. The BER results were averaged over 12800 QPSK symbols for each channel matrix H and SO00 selections of channel matrices H for each simulated &/No. For comparison, the BER from the ZF receiver and the cases of ideal two-and four-path diversity are also shown. The magnified portion of this plot shows the vicinity around a BER of 10% which is where typical packet data services in UMTS FDD will operate. In this range of &/No, we see that the ZF receiver performs rather weakly, i.e. worse than the twoantenna Alamouti scheme by approximately 0.5 dB. The ML receiver for the Four Antenna Scheme, however, outperforms the two-antenna Alamouti scheme by 0.1 to 0.5 dB depending on the chosen point of operation. 
THE UNSYMMETRICAL CASE
An interesting approach to increase the diversity when the number of receiver antennas is more than one, is given by the following. Assume that a block matrix form of the channel matrix H is given by
Then, the scheme can be Alamouted by performing the following operation:
H1

H2
H 1 -Hz
The corresponding term FHF = 0 H;Hl+H;H2 "1 ' (20) [ HrH1 +H;H2
Example: a two transmit-two receive antenna system is considered. We set
H I = [ ; ; I 1 H z = [ ;;]
The matrix FHF becomes Thus, the full 4 times diversity can be explored, without a matrix inverse to compute! Note that in this case, the sequence to transmit at the two antennas reads
Note that during 8 time periods only four symbols are transmitted, i.e., this general scheme has the drawback that it can only offer half the symbol rate! Many other examples will be provided in the full paper.
Consider now a 4 by 2 transmission scheme. The matrices are identified to
We now obtain a matrix FHF consisting of two block matrices of size 2 x 2 on the diagonal. Thus, the scheme is still rather simple, since only a 2 x 2-matrix is to be inverted although a four-path diversity is achieved. Note that now the data rate is at full speed! The previously discussed four antenna system can be obtained when setting A comparison of the trace term shows that for the 4 x 2 antenna system 3dB is gained compared to the 4 x 1 antenna system.
APPENDIX
Starting from the definition of X in (7) it is observed that the squares in the denominator can be appended, 
CONCLUSION
In this article we provided a deep insight into the possibility of extending the Alamouti scheme for more than two antennas. With some small modifications, the scheme allows high diversity even for UMTS like scenarios. Extending to higher than four antennas is straight forward. By structuring the transmitted data, it is possible to utilize much of the advantages of low complexity receivers without sacrificing too much in diversity gain. More details of this will be shown in [5] .
